Unstacked thylakoid membrane vesicles were obtained from a homogenate of Chlamydomonas reinhardtii by flotation in a 1.8 M sucrose layer containing 5 mM HEPES (N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid)-10 mM EDTA (pH 7.5). Sodium dodecyl sulfate-gradient gel electrophoresis showed that the wildtype membranes have a total of at least 33 polypeptides ranging in molecular weights from 68,000 to less than 10,000. The wild-type and three non-photosynthetic mutant strains were studied with respect to their photosynthetic electron transport properties, their fluorescence rise kinetics, and their membrane polypeptide compositions. The results showed a strong correlation between the presence of a membrane polypeptide (molecular weight = 47,000) and the activity of the photosystem II reaction center. This polypeptide is missing from F34 (a Mendelian mutant lacking Q, the primary electron acceptor of photosystem II), but is partially restored in a suppressed strain of F34 in which there is an incomplete recovery of photosystem II activity. In a thermosensitive mutant, T4, the same polypeptide is present in reduced amount only in cells grown at 350 but not in those grown at 250. Although the mechanisms of the photosynthetic electron transport reactions have been intensively studied, relatively little is known about the molecular architecture of the thylakoid membranes on which these reactions are localized (compare ref. 1). Chemical analysis revealed that the thylakoid membranes are made up of approximately 50% lipids and 50% proteins (2). There is evidence that there are at least 10 to 20 polypeptides of different molecular weights in these membranes (3-11).
(a Mendelian mutant lacking Q, the primary electron acceptor of photosystem II), but is partially restored in a suppressed strain of F34 in which there is an incomplete recovery of photosystem II activity. In a thermosensitive mutant, T4, the same polypeptide is present in reduced amount only in cells grown at 350 but not in those grown at 250. Evidence Although the mechanisms of the photosynthetic electron transport reactions have been intensively studied, relatively little is known about the molecular architecture of the thylakoid membranes on which these reactions are localized (compare ref. 1) . Chemical analysis revealed that the thylakoid membranes are made up of approximately 50% lipids and 50% proteins (2) . There is evidence that there are at least 10 to 20 polypeptides of different molecular weights in these membranes (3) (4) (5) (6) (7) (8) (9) (10) (11) .
Several approaches are available for the identification of the functions of the thylakoid membrane polypeptides. One approach is to fractionate the membranes by either detergents (5, 6, 9) or passage through a French pressure cell (9, 11) into small fragments enriched in either photosystem I (PS I) or photosystem II (PS II) activities. The polypeptide components of these subchloroplastic fragments or pigmentprotein complexes can then be identified by sodium dodecyl sulfate-gel electrophoresis. Another approach is to analyze the membrane polypeptides of mutant strains which are either pigment-deficient (12) (13) (14) (15) (16) or have specific lesions in the electron transport pathway (6, 17, 18) . The missing or altered Abbreviations: WT, wild-type; PS I, photosystem I; PS II, photosystem II; DCMU, 3,4-dichlorophenyl dimethylurea; PBQ, p-benzoquinone; DPIP,2,6-dichlorophenol indophenol; MV, methyl viologen; HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid.
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de Biologie Physico-Chimique, 13 rue Pierre et Marie Curie, polypeptides can then be correlated with the deleted functions in the mutant.
In this paper, we have adopted the mutant approach and compared the polypeptide profile of thylakoid membrane of wild-type Chlamydomonas reinhardtii with those of mutant strains lacking or deficient in PS II activity. Our results suggest that a membrane polypeptide of molecular weight 47,000 is required for the activity of PS II reaction centers.
MATERIALS AND METHODS
Conditions of Cell Culture. The wild-type (187c, mt+) and three mutant strains (F34, F34SU1, and T4) of Chlamydomonas reinhardtii were grown in Tris-acetate-phosphate medium under conditions described by Gorman and Levine (19) . F34 and T4 were derived from the wild-type (WT) strain by mutagenesis with methyl methane sulfonate and selected as high fluorescence mutants (20) . F34 has been characterized and shown to have no PS II activity (21, 22) .
F34SU1 was obtained by irradiating the parental strain, F34, with ultraviolet light and was selected for its ability to grow slowly on minimal medium. This strain has partially restored PS II activity (23) . T4 is a conditional mutant: it can grow on minimal medium at 25°but requires acetate for growth at 35°. The photosynthetic properties of this mutant will be described here for the first time.
Isolation of a Thylakoid Membrane Fraction. Thylakoid membranes were purified from cell-free homogenates by a modification of the flotation procedure described previously (24) . One liter cultures were harvested during the exponential phase of growth (3 to 5 X 106 cells per ml) by centrifugation at 2500 X g for 5 min at 00. The following operations were carried out in the cold (0-4° phenol blue to a final chlorophyll concentration of 1 mg/ml and a ratio of sodium dodecyl sulfate to chlorophyll of 20: 1 by weight. To remove photosynthetic pigments, we extracted thylakoid membranes twice with 90% acetone at room temperature before the precipitate was solubilized as described above. Both the acetone-extracted and nonextracted samples were heated in a boiling waterbath for 1 min immediately after solubilization.
Electrophoresis of membrane polypeptides was carried out in a slab-gel apparatus modified from the design of Studier (27) ; essentially the discontinuous alkaline buffer system of Neville (28) Measurements of Fluorescence and Electron Transport Reactions. Fluorescence and electron transport reactions were measured at room temperature as described previously (30, 22) . Chloroplast fragments used in the assays were prepared according to Gorman and Levine (19) . Chlorophyll and protein concentrations were determined according to Arnon (31) and Lowry et al. (32) , respectively.
Chemicals. All chemicals were of analytical grades when available.
RESULTS
In the electrophoretic experiments in which the sodium dodecyl sulfate-gel concentration gradient (7.5-15%) was used, a linear relationship exists between RF and log molecular weight in the 70,000-15,000 range (results will be published). Using this system, we found that the WT thylakoid membranes consisted of a total of at least 33 polypeptides (Fig. 1) . These membrane polypeptides fall roughly into three groups on the basis of their electrophoretic mobilities. There are eight polypeptides ranging in molecular weight from 68,000 to 40,000, 12 polypeptides between 40,000 and 20,000, and a group of minor polypeptides with molecular weights of less than 20,000. The separation of the last group of polypeptides was severely interfered with by the presence of sodium dodecyl sulfate-pigment complexes which had similar electrophoretic mobilities (Fig. 1) . Upon extraction of the photosynthetic pigments with 90% acetone, at least 13 to 15 polypeptides became evident in the low-molecular-weight range (Fig. 1) . We have enumerated the membrane polypeptides in the electrophoretogram by consecutive numbers beginning from the high-molecular-weight region. In addition to the 7.5-15% gel concentration gradient, membrane polypeptides were also separated in sodium dodecyl sulfate-gels containing the following acrylamide gradients: 5-10%, 7.5-10%, 7.5-12.5%, and. 10-15% (data not shown). These gradients were designed to provide optimal resolution of polypeptides at different molecular weight ranges. Control experiments with purified marker proteins (bovine serum albumin, catalase, aamylase, creatine kinase, myoglobin, cytochrome c, lysozyme, and RNase) showed that each protein migrated as a single band in all of these gradient gels including the 7.5-15% gel system. We found that although band 4 moved as a single band in 7.5-15%, 7.5-12.5%, and 10-15% gradient gels, it was split into two distinct bands in 5-10% and 7.5-10% gradient gels, both of which gave good resolution between 68,000 and 25,000. All other polypeptide bands obtained with the 7.5-15% gel system were not split in other gel systems and, therefore, we assume that each of these bands represents only one polypeptide. However, the possibility that some of these bands may contain more than one polypeptide cannot be ruled out.
Thus, it can be seen that although acetone extraction allowed the visualization of low molecular weight (<20,000) polypeptides, it also resulted in a selective loss of polypeptide 2 and a weakening of the intensities of other polypeptides (e.g., 5, 6, 7, 8, and 14) . Whether these polypeptides were wholly or partly soluble in 90% acetone or whether they failed to penetrate the stacking gel (compare Fig. 1 ) after the acetone treatment is not known. However, it is clear from these experiments that the 90% acetone-extracted membranes can only be used for the display of the low-molecular-weight polypeptides.
In addition to the polypeptides numbered, there are some faint bands in the high-molecular-weight region as well as in other parts of the gel, but since the recovery of these bands is highly variable we assume they are contaminants. The recovery of polypeptide 7 (molecular weight 41,000) is also variable in the WT as well as the mutant strains (see later) examined, but due to its relative abundance, as assessed by its staining intensity with Coomassie blue, it could be a polypeptide that is loosely bound to the membrane.
In an attempt to identify the functions of some of these membrane polypeptides, we have examined the membrane polypeptide compositions of mutant strains of C. reinhardtii which have specific lesions at the PS II reaction center. One such mutant is F34 which has been characterized previously (21, 22) . The data in Table 1 confirm previous observations that this mutant is unable to perform any PS II reaction but has normal PS I activity. The lack of Hill reaction activity could be due to a block either in the oxidizing or the reducing side of PS II. If the block is on the oxidizing side, i.e., between H20 and PS II, the fluorescence yield should be low (33) , whereas if it is on the reducing side of PS II, the fluorescence yield should be high (34, 35) . Fluorescence measurements of F34 showed that it has a high level of initial fluorescence with no variable portion, and the fluorescence yield is not affected by the addition of 10 /M 3,4-dichlorophenyl dimethylurea (DCMU) (Fig. 2 ). These results demonstrate that the primary electron acceptor of PS II, designated Q by Duysens (35) , is either missing or inactive and hence all the PS II reaction centers could not function. Examination of the membrane polypeptides of F34 (Fig. 3b) revealed that the mutation also led to a lossl of polypeptide 6 (molecular weight 47,000) and an about 50% reduction in the amount of polypeptide 5 (molecular weight 50,000) (Figs. 1 and 3) . In addition, there is a slight increase in polypeptide 16 relative to t The faint band seen in Fig. 1 is not identical to polypeptide 6 but has a slower electrophoretic mobility, as shown in this and other experiments. This band can be better resolved from polypeptide 6 in a 10-15% gradient gel.
Proc. Nat. Acad. Sci. USA 72 (1975) 18 (Figs. 1 and 3b) was not seen in other experiments and therefore must be due to contaminating polypeptides present in this particular experiment. Since F34 has no PS II activity at all, we tentatively conclude that polypeptide 6 is required for the normal functioning of the PS II reaction center.
The PS II activity in F34 could be partially restored to that observed for the WT strain, by a suppressor mutation induced by UV irradiation (23) . Several suppressed strains of F34 have been isolated and the membrane polypeptides of one of them were studied. One suppressed strain, F34SU1, has about 50% of the Hill-reaction activity found in the WT strain (Table 1) , and the half-time of the fluorescence rise curve of this strain is 1.2 times faster than that of the WT strain (Fig. 2) . Estimation of the area circumscribed by the fluorescence rise curve and the maximum level of fluorescence provides a reliable method for computing the number of active PS II reaction centers (23, 30) . With Fig. 4 shows that the membrane polypeptide composition of T4 at 250 is similar to that of the WT strain at 250 except that there is a greater amount of polypeptide 17 (compare Fig. 1 5 (molecular weight 50,000), and 6 (molecular weight 47,000) (compare Fig. 1 ).
Genetic analysis of F34 and T4 show that both mutations are Mendelian and therefore of nuclear origin (results to be published). However, it is not known whether these two loci are allelic or not.
DISCUSSION
The polypeptide composition of Chlamydomonas thylakoid membranes has been previously examined with single pore gel electrophoresis in either acetic acid-urea (4) or sodium dodecyl sulfate (3, 6) (3) . Therefore, the increase in the number of polypeptide bands observed in this system as compared to those reported previously (3, 4, 6) cannot be explained by the dif- The PBQ-Hill reaction was carried out in a reaction mixture containing whole cells (15 ,ug of chlorophyll/ml), 10 mM potassium phosphate buffer (pH 7.0), and 2 mM p-benzoquinone. For the ferricyanide-Hill reaction, the mixture contained chloroplast fragments (30 pg of chlorophyll/ml), 40 mM HEPES-KOH (pH 7.0), 20 mM KC1, 2.5 mM MgC12, 2 mM NH4C1, and 5 mM potassium ferricyanide. The reaction mixture for the MV-Hill reaction contained chloroplast fragments (30 jug of chlorophyll/ ml), 40 mM HEPES-KOH (pH 7.0), 20 mM KC1, 2.5 mM MgC12, 2 mM NH4C1, 0.2 mM MV, and 1 mM NaN3. The photoreduction of MV with DPIP/ascorbate coupler as the electron donor was performed with a reaction mixture containing chloroplast fragments (7.5 to 15 1sg of chlorophyll/ml), 40 mM HEPES-KOH (pH 7.0), 20 mM KCl, 2.5 mM MgC12, 2 mM NH4C1, 0.2 mM MV, 0.1 mM DPIP, 3 mM sodium ascorbate, 1 mM NaN3, and 10,uM DCMU. ferent methods of membrane purification but must be due to the greater resolving power of the gradient gel electrophoresis.
Analysis of the membrane polypeptide profiles of a group of mutant strains shows that the presence of polypeptide 6 (molecular weight 47,000) is associated with the proper functioning of PS II reaction center. Thus, this polypeptide is completely missing from the thylakoid membrane of F34, which lacks active PS II reaction centers, but is partially restored to the WT level in suppressed strains of F34 in which there is partial recovery of PS II activity. A similar correlation exists between the amount of this polypeptide and PS II activity in T4, a temperature-sensitive mutant which shows conditional defects in the PS II reaction center.
In addition to polypeptide 6, polypeptide 5 is present in reduced amounts in F34, whereas in T4 cultured at 350, polypeptides 5, 4.1, and 4.2 are also affected. Whether one or all of these polypeptides play a role in PS II activity is not known. However, it is clear from our results that they are not important for PS I activity since reductions in the amounts of these polypeptides in F34 or T4 grown at 350 do not affect the photoreduction of MV with DPIP/ascorbate as the electron donor (compare Table 1 ).
Both F34 and T4 grown at 35°are similar to two previously characterized mutants, ac-15 and ac-141 (34, 37) , in that their lesions in the electron transport pathway are similar to those of ac-115 and ac-141. Levine et al. (6) have reported that a thylakoid membrane polypeptide designated Iha is present in reduced amount in ac-141 as compared to the amount present in the WT strain. However, recent evidence by Levine and Durham (16) indicates that polypeptide Ila as well as polypeptides Ilb and c are not required for PS II activity in vivo since they lack a mutant strain, ac-5, which is able to carry out the PBQ-Hill reaction. The group II polypeptides probably correspond to polypeptides 8-17 and these polypeptides have molecular weights smaller than that of polypeptide 6.
